energy but also for its nutritional value (vitamins etc.) , the value of the harvested material is not determined by its heating value only.
During the last decade, several studies have been done on the use of fossil energy in food crop production systems. These studies have been conducted at various levels of scale (comparison of organic agriculture to high-input agriculture; developments in agriculture over the last 50 years, or between countries (Naylor 1996; Kramer et al. 1999; Schroll 1994; Conforti and Giampietro 1997) . All authors have come to the conclusion that fossil energy is used most efficiently in the low-input crop production systems.
Since there are no physiological differences between the crops, the input-output relationship for food crops can also be expected for energy crops. This would imply that fossil energy use efficiency of low-input energy crop systems is higher than the energy use efficiency in high-input crop systems. When efficient use of fossil fuels is of importance, energy crops should be grown in so-called low-input systems. However, the studies done by Uhlin (1998; 1999) on the overall (fossil and solar) energy use efficiency of the Swedish agricultural system show that overall, energy use efficiency has increased over the last three decades instead of declined. According to these results, high-input energy crop systems use energy more efficiently.
Based on the existing information on food crops, no conclusions can be drawn with respect to the consequences of choice of a particular production system on anticipated yields. This chapter examines in detail the input-output ratios within four biomass production systems. For all systems, the energy use efficiency is calculated and any differences found between the systems are explained. Finally, the results are compared with previous studies on energy efficiency of food production systems.
MATERIAL AND METHODS
In order to determine the efficiency of resource use, information on inputs and outputs (yield) is required. For food producing systems, this information (at various levels of scale) can be obtained from agricultural statistics (KWIN; FAO; LEI). These kinds of data were used in the food studies mentioned earlier. For energy crops, this type of data is lacking, since these crops are presently grown in only a limited number of experimental situations.
The method used here is a different one: the target-oriented approach derived from ecological production research (van Ittersum and Rabbinge 1997) . In this approach, the yield level (the output) is defined first, followed by a determination of the required inputs to reach this yield level. Here, both yields and inputs are based on crop growth relations obtained from the literature.
Description of the biomass production systems studied
In principle, all crops with higher energy yields than energy inputs can be used as energy crops. Comparative studies between various crops have shown that the production of biomass in so-called short-rotation forestry systems seems to be most promising (Lysen et al. 1992) . This type of biomass production will consequently be evaluated here.
The system studied is a short-rotation forestry system with poplar. The trees are planted in spring with a density of and every fourth year the crop is harvested by coppicing and is simultaneously chipped. After the harvest, the crop re-sprouts and is harvested again four years later. It is assumed that the plantation will have a total life span of 20 years, and hence five harvests can take place. It is assumed that the production will be the same for every harvest.
The results of a study on the production possibilities for biomass crops in various European regions (Nonhebel 1997 ) are used as the basis of this study. In that study, yield potentials were determined with the use of a crop growth simulation model. The model was based on the linear relation between intercepted radiation and above-ground biomass production (the so-called light use efficiency derived by Monteith (1978) ). A soil water balance was incorporated to simulate the effects of water shortage on crop production. The model requires monthly averages for global radiation, temperature and precipitation to simulate production (for more detailed information on the model, see Nonhebel (1997) ). The model simulates potential and water-limited production.
Potential production is defined as the production that can be obtained when a crop is supplied with optimum amounts of water and nutrients and is free from pests and diseases (van Ittersum and Rabbinge 1997) . Crop characteristics, air temperature and solar radiation are the only determinants of production considered. The potential yield of a crop is a measure of what can be obtained under optimum growing conditions in a particular region. The actual yields will be much lower. The yield gap (the difference between potential production and actual yields) differs per region. In the Netherlands, actual yield levels are 70% of the potential levels, while in Southern Europe they are 30 % of the potential levels (Nonhebel 1997) .
Large difference in potential yields exist across Europe, varying from 12 ton/ha in the North-West to over 40 ton/ha in Portugal. These differences are caused by differences in climate (air temperature and solar radiation). The extremes found in Nonhebel (1997) are used here to evaluate the differences in resource use efficiency between high and lowinput systems.
The following production systems were defined: Potential production of poplar in North Western Europe, with an annual yield of 12 ton/ha of stems and 5 ton/ha of leaves. In this part of Europe, the annual precipitation is sufficient to prevent water shortage and potential production can be achieved without irrigation. Within this production system, the crop is fertilised and crop protection measures are taken.
Potential production of poplar in Portugal may be 43 ton/ha/y for the stems and 18 ton/ha/y for the leaves. However, to obtain this production level, irrigation is required.
Furthermore, two low-input systems in the same climatic regions were recognised the yield of these systems is estimated at 5 ton/ha/y stems (and 2 ton/ha leaves). It is assumed that this yield can be obtained without irrigation and use of pesticides.
Determination of the required inputs
All systems have to be initiated, which means that for all systems, energy is required for soil cultivation, planting and weeding. Furthermore, after each harvest (every four years) weeding has to be done in all systems. Data required to quantify the energy costs of these actions were obtained from Eriks et al. (1991) , Lysen et al. (1992) and Hall et al. (1993) .
With respect to fertilisation, only nitrogen is taken into account. Production of this nutrient requires a lot of fossil energy. The amount of nitrogen required is yield-level dependent: all nitrogen in the harvested material (stems) is replaced and some losses are taken into account. The nitrogen in the leaves is expected to remain in the system. Data from Nilson and Eckerston (1983) ; Eckerston and Slapokas (1990); Eriks et al. (1991) and Nonhebel (1997) were used. For the low-input systems, it is only at the start of the plantation that some nitrogen is required (the nitrogen in the leaves). Throughout the rest of the life span of the plantation, the annual nitrogen deposition from the air (about 25 kgN/ha) is sufficient to meet the requirements of the crop.
Furthermore, it is assumed that in high-input systems, crop protection measures take place: the crops will be sprayed with pesticides three times a year. Energy requirements for these measures were derived from Pimentel (1980) and Eriks et al. (1991) .
In the system, irrigation is required (495 mm/year). Energy requirements for this irrigation were determined using data from Stanhil (1981), de Koning et al. (1992) and Nonhebel (1997) . It should be noted that the values used for nitrogen and water use efficiency are high; in practice, the values are lower.
The energy required for harvesting the crops is yield-level dependent (higher yield implies more costs for harvesting) and data from Hall (1993) were used.
For all systems, the energy requirements of the inputs over the complete life span of the plantation were determined. The energy inputs involve the direct energy required for driving a tractor and the indirect energy required to produce the material used (for instance, the nitrogen in the fertiliser).
RESULTS

Inputs required for various production systems
The main energy source of a crop is solar energy. Solar radiation provides the energy for photosynthesis, which is the basis of crop production. The amount available differs per climatic region. In Table 6 .1, an indication is given of the incoming solar radiation for the two regions considered. The annual radiation in Portugal is nearly twice as high as in the Netherlands. Furthermore, it is essential that water be available; the average annual precipitation is also given. The precipitation levels in Portugal are much higher than in the Netherlands, although still not enough to obtain the potential growth level.
The fossil energy inputs required for the four production systems studied are summarised in Table 6 .2, and involve total inputs over the complete life span of the plantation. The high-input systems require more fossil energy per hectare than the low-input systems. The inputs for planting, weeding and crop protection (when applied) are the same for all production systems, while inputs for fertilisation and harvesting differ. The energy requirements for irrigation are huge. In production systems that are not irrigated, fertilisation and harvest are the largest energy users. The term 'fertilisation' includes the indirect energy in nitrogen and the direct energy required to distribute the nitrogen over the area. The indirect energy is about 10 times as high as the direct energy.
The main reason for the low energy requirements of the low-input systems is that most of the nitrogen used is free of costs. The crops "grow" on the nitrogen deposition, so that no fossil energy is required for the production of artificial nitrogen and none for the application of it. To produce 25 kg N costs 1.8 GJ. This amount is quite small in comparison with the total fossil energy inputs of high-input production systems (15 to 85 GJ/ha/y), but large in comparison with the inputs in low-input systems (4 GJ/ha/y).
When inputs are recalculated to inputs per output (resource use/ton biomass, Table 6 .3), a different picture is obtained. The differences between the production systems in resource use efficiency for land, solar radiation and water are much larger (approximately 8 times) than the differences in resource use efficiency for fossil energy (only twice as large).
The system is efficient with respect to use of land, solar radiation and water, but requires more fossil energy per ton of biomass than the other systems. The more efficient use of land, sun and water in comparison with the system can be explained by the fact that the growing season is longer in Southern Europe. Due to the higher temperatures in that region, the growing season covers the period between March and November, while in the Netherlands, it does not start before May. The longer growing season is the main reason for the higher yields (for more details, see Nonhebel 1997) . The crops in Southern Europe use a larger part of the annual solar radiation and precipitation so that their efficiency becomes higher. This high efficiency is the result of climatic conditions, which implies that values found in one region cannot be expected in other regions with other climates. The poor results of the system in comparison with the system can also be explained by high radiation and precipitation levels in Portugal (yields in both systems are the same while inputs are higher).
DISCUSSION
The main purpose of this chapter is to quantify and give reasons for varying input-output ratios in different production systems. For this purpose, the yields chosen include the extremes in yields that may occur within Europe. In order to calculate yields and inputs, assumptions are made with respect to growing conditions and so on. The situation in practice will deviate from the assumptions made here, which will lead to other yields and other input requirements. Therefore, data obtained here should not be interpreted as forecasts of input-output ratios for a biomass crop at a specific location (when poplar is grown in Portugal, the actual yields will be lower). Values found for yields and efficiencies should be considered as orders of magnitude and differences should be evaluated in terms of higher and lower and not as absolute values.
The systems chosen cover the whole range of current agricultural practices: with and without use of fertilisers, irrigation or pesticides. The yields cover the potentials attainable over Western Europe. Based on the results found in this chapter, some general remarks can be made with respect to the energy requirements for crops in different production systems.
Use of fossil energy
The energy required to grow biomass crops is higher for the high-input systems than for the low-input systems. The relative increase of the inputs is larger than the relative increase in yield so that the resource use efficiecy declines (less biomass per input). This picture is in accordance with results found in Naylor (1996) , Kramer et al. (1999) , Schroll (1994) and Conforti and Giampietro (1997) .
More detailed study of the inputs shows that 'fertilisation' covers a large amount of the total fossil energy inputs of the crop. This is because of the large energy requirements of artificial fertilisers. Crops can also obtain nitrogen from other sources (for instance, manure or compost) and the energy requirements of this nitrogen are much lower. Production systems using non-artificial nitrogen sources will have a high fossil fuel use efficiency, as is shown in this study for the low-input systems and This implies that the value of fossil energy use efficiency for a production system is strongly determined by the nitrogen source used in that system. Consequently, high-input systems using manure as nitrogen source will have a high fossil fuel use efficiency (however, since artificial nitrogen is cheap and easy to apply, high-input systems using manure or compost are very scarce and no data exist).
Use of solar energy
In biomass production systems, solar energy is converted into plant material, which is used later on as an energy carrier. Therefore, the efficiency with which solar energy is converted into plant material is of interest. In Table 6 .4, a comparison is made between energy inputs (both fossil and solar) and the energy yield (the heating value of wood: 18 MJ/kg). The solar energy irradiated on a hectare is about 1000 times as high as the fossil energy used for the cultivation of the crops.
In Table 6 .4, the efficiency of the use of both solar and fossil energy is given. For systems at the same location, it can be concluded that higher yields imply higher solar energy use efficiency. In the system, energy yield (GJ of biomass) is 1.3% of the incoming solar radiation; in the system, only 0.15%. This does not hold for systems at different locations: both low-input systems have the same yields, while the solar energy use efficiency in the system is higher than in the system. These differences are caused by the different climatic conditions. The system is the most efficient system for converting solar energy into biomass (in other words, Portugal is the ideal place for growing biomass).
Energy use in agriculture
Studies on energy use in agriculture were conducted to evaluate the possibilities of reducing energy use in agriculture in general. Energy use can be reduced by more efficient use of this resource. Based on the fact that energy use efficiency in low-input systems is higher, the conclusion can be drawn that a shift to low-input agriculture will lead to an energy use reduction in agriculture (since more food is produced per unit of energy). The choice of a low-input agricultural system, however, will mean that at a higher level of scale, the effect will be reversed, as the following calculation based on data obtained in this chapter shows.
Assume that yields in high and low-input systems differ by a factor of 5 (the average of the Dutch and the Portuguese systems). A change to a low-input agriculture would imply a five-fold increase in the acreage required for food production. For a high-input system, the inputs required will be in the order of magnitude of 50 GJ/ha; for a low-input system, about 5 GJ/ha. When this energy is obtained from biomass (net yield 200 GJ/ha), one hectare of biomass is enough to grow the energy required for 4 ha high-input agriculture. Overall, 5 hectares are required for the production of a certain amount of food.
The low-input system requires 4*5 hectares for the agricultural production and these 20 hectares require (20*5 GJ/ha) 100 GJ for cultivation, which implies 0.5 ha for energy. The low-input system requires 20.5 ha for the production of the same amount of food. (This value is even higher when energy is grown under low-input conditions.) When these (15.5) extra hectares are used for the production of biomass, 15.5*200 GJ of fossil energy can be saved by using high-input agricultural systems.
The results of these simple calculations are in accordance with the data given by Uhlin (1998; 1999) concerning energy use in the entire Swedish agricultural system. This implies that in order to study energy use in agricultural production systems, other indicators than fossil energy use efficiency are required. Knowledge obtained in studies on other sustainable energy sources might be of use and variables such as payback-time or solar energy use efficiency can be incorporated.
Shift towards low-input agriculture and the consequences for energy crops
Up to now, the choice of a high-input versus a low-input system has only been evaluated in the context of its energy yield/ efficiency. It has been concluded that the high-input systems result in the highest energy yields. In reality, the choice of a high or low-input system is also determined by socio-economic factors. The cost-effectiveness of the system plays a role, as well as the social acceptance of production systems. High-input biomass production systems can be expected to have the same effects on the landscape and environment as high-input agricultural systems. In European agriculture, a shift from high-input to organic farming is observed. Based on this information, the future feasibility of large-scale high-input energy crop farming will be low. The expected shift from high-input to low-input (or organic) production systems will have a major impact on the potential of biomass as an energy source. On one hand, the low-input food production systems will require more land for the production of food, implying a reduction of the land available for energy production. Secondly, energy yields that can be obtained from these areas will be lower, since it is not likely that future production will come from high-input systems.
CONCLUSION
Fossil energy use efficiency is higher in low-input crop production systems than in high-input systems. This is caused by the fact that in low-input systems, a relatively large amount of the used nitrogen originates from non-fossil resources. In energy crop production systems, solar energy is converted into plant material (with the aid of fossil energy). The net (output-input) energy yield of high-input systems is much higher than the net yield from the low-input systems. The choice of a particular production system will thus have significant consequences for the energy yields that can be obtained.
